[1] A log-based volcanic stratigraphy of Ocean Drilling Program Hole 1256D provides a vertical crosssection view of in situ upper crust formed at the East Pacific Rise (EPR) with unprecedented resolution. This stratigraphy model comprises ten electrofacies, principally identified from formation microscanner images. In this study, we build a lava flow stratigraphy model for the extrusive section in Hole 1256D by correlating these electrofacies with observations of flow types from the modern EPR, such as sheet flows and breccias, and pillow lavas and their distribution. The resulting flow stratigraphy model for the Hole 1256D extrusive section represents the first realization of detailed in situ EPR upper oceanic crust construction processes that have been detected only indirectly from remote geophysical data. We correlated the flow stratigraphy model with surface geology observed from the southern EPR (14°S) by Shinkai 6500 dives in order to obtain the relationship between lava flow types and ridge axis-ridge slope morphology. This dive information was also used to give a spatial-time reference frame for modeling lava deposition history in Hole 1256D. In reconstructing the lava deposition history, we interpreted that the origins of the ∼100 m thick intervals with abundant pillow lavas in Hole 1256D are within the axial slope where pillow lavas were observed during the Shinkai 6500 dives and previous EPR surveys. This correlation could constrain the lava deposition history in Hole 1256D crust. Using the lateral scale of ridge axis-ridge slope topography from the Shinkai 6500 observations and assuming the paleospreading rate was constant, 50% of the extrusive rocks in Hole 1256D crust were formed within ∼2000 m of the ridge axis, whereas nearly all of the remaining extrusive section was formed within ∼3000 m of the ridge axis. These results are consistent with the upper crustal construction model previously suggested by seismic studies.
Introduction
[2] Magmatic and volcanic processes at mid-ocean ridges form ocean crust that covers nearly 60% of Earth's surface. The architecture in the extrusive part of the oceanic crust has important influences on hydrothermal circulation and hydration of the lithosphere. Many terrestrial and marine surveys have attempted to describe the architecture accurately by investigating the upper crustal construction processes [e.g., Moores and Vine, 1971; Casey et al., 1981; Alt et al., 1996; Fornari et al., 2004] . In terrestrial settings, the investigation of the Troodos and Oman ophiolites have provided the architecture on various scales, which is thought to be analogous to modern-day intermediate to fast spreading mid-ocean ridge upper crust [Moores and Vine, 1971; Moores and Jackson, 1974; Coleman, 1977; Rautenschlein, 1987; Bednarz and Schumincke, 1989; Alt, 1994; Nicolas, 1995; Dilek et al., 1998 ]. In marine settings, numerous submersible surveys, seismic experiments, and several basement drilling expeditions have provided the structure and the surficial volcanic processes of the fast spreading crust [Alt et al., 1993 [Alt et al., , 1996 Karson et al., 2002; Fornari et al., 1998 Fornari et al., , 2004 Christeson et al., 2007] . In spite of these efforts, how upper ocean crust construction processes take place with a timedistance reference frame has only been described at the scale of geophysical investigations and bathymetry data [e.g., Schouten and Denham, 1979; Hooft et al., 1996; Christeson et al., 2007; Escartín et al., 2007; Soule et al., 2009] , and virtually no detailed architectural information is considered in these models. This is because of differences in sampling resolution between those geophysical data and geologic observations. [3] Ocean Drilling Program (ODP) Hole 1256D was the first successful drilled hole to recover a complete section of intact upper oceanic EPR crust [Wilson et al., 2003; Teagle et al., 2006] . Whereas the coring suffered from low recovery rates (volcanic section average 37%) and biased rock types in the extrusive section, wireline logs provide quasicontinuous in situ physical property data with excellent quality. In particular, multidimensional wireline tool strings, such as the formation microscanner (FMS) and the ultrasonic borehole imager (UBI), provided high-resolution images of the in situ borehole wall, enabling the reconstruction of an upper crustal architecture model with unprecedented resolution ("volcanostratigraphy model" [Tominaga et al., 2009] ). This volcanostratigraphic model makes it possible to identify end-member lava flow types in the extrusive section, such as massive flows, pillows, and breccias, and qualifies their distribution downhole. [4] In general, we can assume that the lava flows observed at the lower part of the volcanic section are older than flows above and were deposited close to the ridge axis. With this as a premise, we can assume that the lava sequence in Hole 1256D represents a history from the first lava eruption and deposition at the paleo-East Pacific Rise (EPR) ridge axis to the last off-axis lava eruption and deposition. By integrating this in situ lava sequence in Hole 1256D with previously observed surface geology and remote geophysical measurements at the modern EPR, we should be able to suggest an upper crustal construction process model with unprecedented time-distance reference frame. In this study, we introduce the translation of the extrusive section of Hole 1256D log-based stratigraphy into a lava flow stratigraphy and propose the first realization of fine-scale in situ upper oceanic crust constructional processes from a single drilled hole.
Geological Background

East Pacific Rise Lava Flows
[5] Numerous submarine geological surveys have been carried out to characterize detailed surface morphology and lava flow types around fast spreading EPR axial regions. These data were obtained by multibeam (and microbeam) bathymetry, side-scan sonar, and remotely operated vehicle (ROV) and autonomous underwater vehicle (AUV), and submersible dive data [e.g., Wright et al., 1995; Embley et al., 1998; Kurras et al., 2000; Scheirer et al., 2000; White et al., 2000; Bazin et al., 2001; White et al., 2002; Cormier et al., 2003; Fornari et al., 2004; Soule et al., 2005 Soule et al., , 2007 Stakes et al., 2006; Escartín et al., 2007; Ferrini et al., 2007; Soule et al., 2009; White et al., 2009] . These observations indicate that the evolution of EPR submarine lava flows is analogous to the down-flow transition of subaqueous lava flows observed on the Hawaiian Islands, where lava flows evolve from proximal sheet flows, to lobates, to pillows [e.g., Soule et al., 2004; Fornari et al., 2004] . Both lobate and sheet flows are ubiquitous flow types from the EPR axial eruptions and are distributed uniformly along and across the axial regions [e.g., Kurras et al., 2000; White et al., 2000] . Lavas that form these flows may also have traveled substantial distances from the ridge axis very long distance from the axis (approximately a few thousands of meters) via lava tubes and channels [e.g., Soule et al., 2005] . Pillow lavas are, on the other hand, a rather minor flow type and are more localized and distributed near fissures and fractures on the EPR axis. Pillow lavas also appear at distant locations from the axis and flow fronts [e.g., Kurras et al., 2000; Soule et al., 2005] and accumulate as pillow mounds at the average of ∼2300 m from the axis on the typical EPR seafloor [Soule et al., 2009] or within overlapping spreading center basins at the EPR discontinuities [White et al., 2009] .
ODP Hole 1256D Drilling Results
[6] ODP Hole 1256D (6°44.2′N, 91°56.1′W) is located in the Guatemala Basin on the northeastern flank of the EPR (Figure 1 ). Surface magnetic anomalies suggest that the crust is 15 Ma and accreted at superfast spreading rates (full ∼220 km/Myr) [Wilson et al., 2003] . The total drilled sequence is 1507.1 m beneath the seafloor (mbsf) with coring or curatorial depth (hereafter mbsf-C) and is composed of a 754 m extrusive lava section, a 403.4 m dike complex (including 58.3 m of granoblastic dikes), 54 and 24 m gabbro sections embedded in 24 m of dike screen, and a few meters of basaltic dikes at the bottom of the hole [Teagle et al., 2006] . The uppermost crust is made up of a single >74 m thick ponded lava flow. This thick lava correlates with a 32 m thick massive lava cored in the nearby Hole 1256C indicating significant basement topography at the time of eruption. By analogy with observations of the modern EPR [Macdonald et al., 1996] and the need for significant topography to pond such a thickness of lava, this massive flow is interpreted to have emplaced 5 to 10 km off axis [Wilson et al., 2003] . Structural analysis of the basal crust of the ponded flow indicates that it was erupted from an off-axial vent nearby [Crispini et al., 2006] . The lavas directly underlying the ponded flow display rare subvertical hyaloclastite-filled inflation structures, indicative of eruption onto a near horizontal surface [e.g., Umino et al., 2002] , and are interpreted to have also solidified off axis. Sheet flows with subordinate massive (>3 m thick) flows make up the bulk of the extrusive section (533.9 to 1004.1 mbsf-C). Subvertical igneous contacts, commonly brecciated and mineralized associating with dike intrusions, are abundant throughout the lower part of the extrusive formations. Both the isolated dikes in the extrusive rocks and the distances between two dike margins in the sheeted dike complex are typically ∼0.5 ± 0.8 m and are dipping ∼79°with a dip direction of 53°(away from the ridge axis) [Tominaga et al., 2009] . The lower 60 m of the dike complex shows recrystallized, distinctive granoblastic textures that indicate contact metamorphism by gabbro intrusions [Koepke et al., 2007] . Two gabbro intervals have chilled margins against the host granoblastic dikes [Teagle et al., 2006] . [7] Nearly all of the drilled sequence has normal mid-ocean ridge basalt (MORB) composition and is similar to, but slightly depleted compared to, modern EPR basalts [Teagle et al., 2006] . Basaltic flows and dikes show a wide range of magmatic fractionation, and primitive and evolved compositions are closely juxtaposed [Wilson et al., 2003] . The lava sequence is much less hydrothermally altered than other drilled basement sites (e.g., Hole 504B) [Alt et al., 1996] .
Methods: Logging Operations in
Hole 1256D Upper Oceanic Crust [8] The downhole lithostratigraphy provides the basic foundation for our understanding of the architecture of drilled section of oceanic crust. It has been challenging, however, to build an accurate lithostratigraphy model due to low recovery rates (∼30%) and the scarcity of long, continuous recovered core pieces through basement drilling. Shipboard stratigraphy is, hence, subjective due to biased recovery of rock types, fractures, and alteration styles (e.g., loss of highly altered breccia materials and fracture fillings). Consequently, the shipboard volcanostratigraphy may lead one to erroneous classifications of lithologic types, interpretations of crustal construction processes, and calculations of chemical fluxes from seawater-rock alteration (Figure 2 ). [9] As an alternative to such shipboard stratigraphy, Tominaga et al. [2009] reconstructed a qualitative volcanostratigraphy model of Hole 1256D by analyzing electrofacies collected during formation microscanner (FMS) and ultrasonic borehole imager (UBI) runs (Figure 3 ). The FMS tool string measures electric current returns that are sensitive to the porosity structure and cation exchange capacity of the formation [Pezard, 1990] . The FMS tool uses four orthogonal pads each with 16 sensor Figure 2 . Summary of shipboard stratigraphy in Hole 1256D, the interval of which corresponds to the logged interval. The red arrow on the right indicates logged interval that corresponds from Cores 8R to 216R. The core recovery rates (horizontal axis in %) and recovered core types (colored) are shown. The dotted line indicates the average core recovery rate (32%).
buttons to collect the electric current returns, covering the borehole wall (e.g., up to 40% with four orthogonal pads in 8 in. borehole) with a high resolution (∼0.002 m) of resistivity readings. The resulting FMS data provide high-resolution resistivity contrast of the borehole wall and exhibit the detailed architecture of the borehole wall, i.e., the electrofacies. The UBI tool string measures the acoustic reflections from the borehole wall with 360°coverage, and provides a visualization of the borehole wall reflectivity as two-dimensional images with a sampling resolution of ∼0.15 m. The FMS and UBI in situ physical property measurements essentially provide "scanned images" of the borehole wall that are of essential for determining the morphology of the penetrated basement for- TC, triple combo; HNGS, hostile environment gamma ray sonde; APS, accelerator porosity sonde; HLDS, hostile environmental lithodensity sonde; DLL, dual laterolog; TAP, temperature acceleration pressure tool; SGT, scintillation gamma ray tool; DSI, dipole sonic imager; GPIT, general purpose inclinometer tool; FMS, formation microscanner; UBI, ultrasonic borehole imager; VSI, versatile seismic imager; EMS, environmental mechanical sonde.
mations. Both the FMS and UBI images are azimuthally oriented to the geographic reference frame using the general purpose inclinometer tool. The condition of Hole 1256D is considered "reliable" as there are a few significant washout intervals (>14 in.) in the upper part of the hole (348-403, 418-435, 450-473, 530-605 , and 678-694 mbsf with logging depth, hereafter mbsf-L [Teagle et al., 2006] ). The multiple passes of the FMS in Hole 1256D through three drilling expeditions resulted in the FMS logging operation yielding greater than 40 to 60% lateral coverage (as high as 216°) over 65% of the logged interval. This level of lateral coverage is the best among any FMS data acquired in basement drill holes to date and allows us to reconstruct downhole lithostratigraphy with confidence. The interpretation of the FMS images was augmented by ultrasonic borehole imager data.
[10] Other physical property logs, including onedimensional resistivity data (dual laterolog deep and shallow penetrations), natural gamma ray counts, lithodensity and porosity logs, compressional velocity, photoelectric effect factor, and recovered core data are available for the entire drilled extrusive section. We used these logs to complement the interpretation of the FMS images (Table 1) . It should be noted that the names of these electrofacies are principally developed from morphologies observed in the FMS images (detailed descriptions of logging tool strings and data acquisition system are presented by Tominaga et al. [2009] ).
Results
[11] The resulting FMS-based downhole stratigraphy provides a more accurate architecture of the igneous formations in Hole 1256D with a spatial image resolution of 0.1 m compared to conventional shipboard lithostratigraphy. For the extrusive section, a total of seven electrofacies are recognized. These are ponded lava, massive flow, fractured massive flow, pillows, thick pillows/thin flows, fractured flows, and breccias. The extrusive section is underlain by isolated dikes and dikes in the sheeted dike complex (Figure 4a ) [Tominaga et al., 2009] . The core-log integration based on the electrofacies analysis revealed that the discrepancy between two depth scales, mbsf-C and mbsf-L, are only a few meters in Hole 1256D [Gilbert and Burke, 2008; Tominaga et al., 2009] . All the recovered cores have corresponding depth intervals and in situ electrofacies that were assumed from the electrofacies analysis [Tominaga et al., 2009] . 
Electrofacies Analysis in Hole 1256D Extrusive Section
[12] The electrofacies that exhibit massive flow origins (ponded lava, massive flow, and fractured massive flow) comprise 26% of the extrusive section [Tominaga et al., 2009] . We identified massive flows as intervals of more than 2 m thick with a homogeneous texture on the FMS images. Irregularly spaced minor fractures with various orientations are common in these flows (Figure 4a ). Although the characteristics of massive flows and ponded lava electrofacies are similar (Figure 4a ), there are strong geological and geophysical criteria for their recognition as a distinctive subgroup [Wilson et al., 2003] and relatively high core recovery rates give confidence in the shipboard descriptions. Fractured massive flows are another subgroup of massive flows that show a homogeneous texture with commonly rounded fractures apparent on the FMS images, but relatively high resistivity (Figure 4a ). We assume that the fractured massive flows were originally massive flows that have been physically modified by fracturing or jointing.
[13] The electrofacies that exhibit pillow lava origins are the pillow lavas and thin flows/thick Note that the electrofacies analyses were carried out by correlating the features observed in the FMS images with other physical property logs [Tominaga et al., 2009]. pillows and are a subordinate portion of extrusive section (Figure 4b ). We identified pillow lavas in the FMS images as rounded bodies with curved rims, radial fractures, downward drooping teardrop shapes, relatively highly conductive interstitial material, and irregular patches within the more massive interiors. Pillow lobe sizes measured from the FMS images range from a few tens centimeters to approximately 1 m in diameter. The thin flows/thick pillows electrofacies (average thickness 0.95 ± 0.4 m) are probably a part of the pillow lavas electrofacies. The thin flows/thick pillows electrofacies comprise ∼1 m thick flows with relatively homogeneous textures in the FMS images, and common rounded boundaries (Figure 4b ). It should be noted that the name of this electrofacies reflects the uncertainty of our determination of this type. A drill hole through the center of a ∼1 m thick pillow lobe will have a similar wireline log responses to that of a ∼1 m thick flow with distinctive flow boundaries on the top and bottom, because the curved rims of the pillow may not be intersected by the borehole or apparent on the FMS images. Hence, it is difficult to unequivocally determine solely from wireline logs whether this electrofacies type represents a thin sheet flow or relatively large pillow lobe [Tominaga et al., 2009] . Additionally, we think that these pillow morphologies may be included in the fractured and fragmented flows and breccia electrofacies as pillow breccias [Schmincke et al., 1978; Yamagishi, 1994; Batiza and White, 2000] . However, it is virtually impossible to distinguish small, fragmented pillow features within very complicated texture of those electrofacies.
[14] The electrofacies that exhibit highly fractured morphology are fragmented flows and breccias and these electrofacies comprise ∼50% of the extrusive section (Figure 4c ). Fragmented flows are the most abundant electrofacies in the volcanic sequence of Hole 1256D. The fractured flow electrofacies are thick intervals with the mesh fabric morphology, isolated by highly conductive, flow boundary zones or fractures. This mesh fabric morphology is much denser than fractured massive flows. The fragmented flows are thought to originate from massive flows although pervasive fracturing makes it difficult to discount other origins [Tominaga et al., 2009] .
[15] Breccias were identified for intervals with completely fragmented textures on the FMS images, in which the fragments of the original formations appear to be chaotically arranged. The highly fragmented texture of these formations makes it difficult to distinguish lithologic boundaries and conductive fractures. To date, the origins of the breccias observed in subaqueous lava eruptions at ocean spreading centers are classified into hyaloclastic, hydroclastic, spatter (agglutinate), and epiclastic. Recovered cores of hyaloclastite breccias consisting of glass clasts >8 cm across are recovered at 461 mbsf (Core 206-1256D-30R-1, 0-76 cm) and 597-599 mbsf (Core 206-1256D-51R-1, 84-150 cm and Core 206-1256D-51R-2, 0-142 cm). We presume that these hyaloclastite breccias are rubble formed by collapse of inflated lobate sheet flows or talus rubble in tension fissures and faults [e.g., Engels et al., 2003] . Some brecciated zones occur along subvertical contacts that may be dike margins, in the FMS images (e.g., at 914 mbsf-L). Further investigation on core materials (Table 2) suggested that highly disrupted "mineralized volcanic breccia" at intervals 1027 to 1043 mbsf-C is most likely of hydroclastic origin formed by the interaction of water and hot, molten lava. These breccias consist of both angular and irregularly embayed lava clasts with or without glassy chilled margins set in a matrix of glass fragments. Clasts of lava recovered at 1050-1065 mbsf-C have intensely folded layers of alternating aphanitic and microcrystalline bands, which is akin to densely welded clasts of lava formed by moderate fountaining of lava. Lava fountaining is also inferred for the emplacement of the lowermost crust of the lava pond on top of the Hole 1256D [Crispini et al., 2006] . [16] Isolated dikes occur within the volcanic section (<1064 mbsf-L) and present massive flow-like textures on the FMS images sandwiched between pairs of subvertical, high-conductivity bands with similar dips to the chilled margins observed in the underlying sheeted dike complex (Figure 4d ). We identified 28 isolated dikes between 810-1064 mbsf-L. These isolated dikes observed from the FMS images are reminiscent of the narrow interfingered dikes rarely present in the recovered cores, although it is difficult to validate one-toone correlations (e.g., interfingered dikes in Core 309-1256D-120R-1, 8-26 cm (1017.68-1017.94 mbsf-C) and isolated dikes observed at 1018 mbsf-L). The distance from one dike margin to the adjacent one is average of 2.9 m in the interval of 810-1064 mbsf-L. The average dip and dip directions of the contacts are ∼79°± 23°and 033 ± 67, respectively, calculated by using statistics of spherical coordinate system [Fisher and Embleton, 1987] . The characteristics of the isolated dikes are very similar to the dikes in the dike complex (Figure 4d , where the average dip of the dikes in the dike complex is 76°± 16°(N = 19) [Tominaga et al., 2009] ). Below 910 mbsf in Hole 1256D, isolated dikes are commonly associated with brecciated margins.
Lava Flow Stratigraphy for Hole 1256D Extrusive Section
[17] Next, we translated the electrofacies into endmember lava flow types observed at the EPR spreading regime. For our translation practice, we used two reference groups: (1) observations of the cross-sectional views of different styles of lava flows from ophiolites and submarine tectonic windows [e.g., Yamagishi, 1994; Gillis and Sapp, 1997; Karson et al., 2002] and (2) the distribution of lava flow types in the vicinity of ridge axis at the modern EPR [e.g., Ballard and Moore, 1977; Haymon et al., 1993; Auzende et al., 1996; Embley et al., 1998; Kurras et al., 2000; Batiza and White, 2000; White et al., 2000 White et al., , 2002 Sinton et al., 2002; Umino et al., 2002; Perfit et al., 2003; Soule et al., 2005 Soule et al., , 2007 . With these references in mind, we classified the electrofacies in the extrusive section of the downhole stratigraphy into pillows (pillow lavas and thin flow/thick flows), flows (massive flows and fractured massive flows), fractured (fragmented flows), and breccias. We decided to use only these four representatives so as not to overinterpret and mistranslate the electrofacies into actual lava flow types (Figure 5b ).
[18] The resulting flow stratigraphy provides the first-order approximation of the lava flow sequence throughout the EPR basement that we will consider from the base to the top of the drilled section. Directly atop the dike complex (1064 mbsf-L), we observe ∼100 m thick interval of flows and breccias, intruded by isolated fingering dikes. Around 950 mbsf-L, layers of breccias and flows become more abundant. This sequence is terminated by a sequence of thick flows around 850 mbsf-L. Pillow lavas are most abundant in one relatively restricted interval between 700 and 810 mbsf-L. The upper part of the hole (<700 mbsf-L) is composed of thick layers of flows, breccias, and the off-axis massive ponded lava (Figure 5b ). [19] In the resulting flow stratigraphy in Hole 1256D, the 100 m thick pillow lava interval in the middle of the extrusive section is a striking feature because pillow morphologies are generally subordinate to other flows observed at the fast spreading modern EPR. If there is any robust correlation between the formations of pillow lavas and typical ridge morphology observed on the modern EPR, we should be able to link the downhole flow stratigraphy to the upper crustal construction processes. In sections 5.1-5.3, we propose a possible scenario to explain how pillows are localized and formed this thick interval in Hole 1256D crust and introduce a model of upper ocean construction process. [20] There is a widely held perception that the formation of pillow lavas depends on the spreading rate [Bonatti and Harrison, 1988] . However, pillow lavas are ubiquitously observed in all spreading environments, suggesting that spreading rate is only one of the controlling parameters that determine the abundance of pillows. What controls the formation of pillows as a consequence of axial eruptions is more likely to be a combination of effusion rate, changes in lava viscosity, and the slope of the preexisting topography [Gregg and Fink, 1995 Umino et al., 2002; Gregg and Smith, 2003] . The former two parameters are strongly correlated to the rate of lava cooling during eruption and transportation. The slope angle enhances viscous/gravity flow of lavas [Griffiths, 2000] . The pillow lavas observed in the EPR are thereby interpreted to be a result of the combination of low effusion rate, high viscosity, and low slope angle [Gregg and Fink, 1995] .
Discussion
Formation of Pillow Lavas
[21] Among these parameters, however, "low slope angle" is primarily based on dive observations focused on the EPR axial summit regions [e.g., Kurras et al., 2000] . A series of description in previous studies suggest that the formation of pillows also occurs at the termination of lava flows (flow front) [e.g., Soule et al., 2005] and as flows associated with changes in local topography, such as rise slopes [Fornari et al., 1979; Francheteau and Ballard, 1983] , faults and fissures near the ridge axis [Sempéré and Macdonald, 1986; Auzende et al., 1996; Bohnenstiehl and Carbotte, 2001] , and other subaqueous slopes [Umino et al., 2000 [Umino et al., , 2002 Gregg and Smith, 2003] . Moreover, White et al. [2002] suggested that the EPR 9°N study area does not have extensive slope changes (typically, only <1°changes are observed) which can explain the distribution of lava morphology. The validity of "low" slope angle to form the pillows is rather questionable from these observations, and so we think there could be another factor that controls the wholesale lava deposition regime through upper crustal construction processes over the region from the ridge axis and ridge slope to the abyssal plain.
Dive Observation at Present-Day Fast
Spreading Southern EPR Ridge [22] One possible scenario to explain the formation of pillows with respect to regional topography is suggested from observations made on Shinkai 6500 dives at the western flank of the EPR at 14°S during YK04-07 cruise by R/V Yokosuka in July 2004 [Geshi et al., 2007; Umino et al., 2008a Umino et al., , 2008b . This part of the EPR has been known to have a half-spreading rates of 68 and 75 km/Myr to the west and east, respectively (Figure 6 ; see also Figure S1 (part A) in the auxiliary material).
1 The main objective of these dives was to investigate the difference in lava flow types and overall ridge topography in particular to slope angles. Two ∼4000 m dive tracks were designed to cover the area from the ridge axis to the bottom of the axial slope (2640-2740 m water depth, ∼2000 m from the ridge axis), where most of the upper oceanic crust is formed.
[23] Detailed lava flow types along dive tracks were described by S. Umino during dives and from dive videos. Slope angles were obtained from shipboard multibeam bathymetry data (Figure 6b ; available at http://www.jamstec.go.jp/cruisedata/ yokosuka/j/YK04-07.html). On the axial summit, where the surface angle ranges 0-5°, lobate sheet flows associated with subaqueous pahoehoe lobes and collapsed pits are the dominant lava deposition styles. Subaqueous pahoehoe lobes differ from pillow lobes in that they have lower ratios in thickness to width and lack corrugations on the surface, but have smooth and/or folded surface crust, suggesting a similar manner of lobe growth to subaerial equivalents [Batiza and White, 2000; Umino et al., 2000 Umino et al., , 2002 . These lava types indicate that this region is covered by flows of relatively low effusion rates [Gregg and Chadwick, 1996] . Fast moving sheet flows showing lineated or wrinkled surface crust, which are in part disrupted to form jumbled flows, are likely limited in channels on the bottom of collapse pits on lobate sheets. These fast moving sheet flows strongly suggest rapid drainage of lava either out of the inflating lobate sheets, which flow downslope toward the rise flank, or drain-back of lava into the eruptive fissure vent, leaving hollow lobate sheets with a thin roofed crust, which then collapses to form pits. The axial slope or faulted areas on axial summit (see track distance 3000 m in Figure S1 (parts B and C)), where the slope with >5°inclination (purple tick marks in Figure S1 (parts B and C)), are mostly covered by elongate pillows. Typical elongate pillows gradually change in shape into flattened elongate sheets and further into pahoehoe lobes that are connected to a wider, lobate sheet upstream as the slope gradually decreases toward the rise summit. Both pillow and sheet flows are nearly aphyric with only rare clinopyroxene microphenocrysts set in a glass matrix in the quenched flow surfaces. Therefore, equilibrium temperatures of clinopyroxene and glass following Putirka [1999] can be regarded as the lava temperature upon extrusion. Viscosities of lava at these temperatures were estimated by the method of Giordano et al. [2008] . Pahoehoe and lobate sheet flows and pillow lavas collected along both dive tracks show minimal differences in the estimated viscosity and temperatures ranging from 81 to 99 Pa s and 1181 to 1185°C, which are essentially nonunique from one to the other, indicating that the viscosity is not the parameter responsible for a change in lava flow type [Umino et al., 2008a [Umino et al., , 2008b (Figure S2) . Instead, the observation suggests that the slope angle of >5°could be a threshold for the formation of pillow lavas in the EPR 14°S setting. This threshold is also applicable to subaqueous flows from Hawaii where lobate-pahoehoe flows dominate on subhorizontal basement, but on slopes are exclusively overlain by elongate pillows [Umino et al., 2002; Gregg and Smith, 2003] . [24] The relationship between the ridge-scale morphology and lava flow types observed during these Shinkai 6500 dives and the reexamination of previous studies suggests that the significant factors that determine lava flow types are a combination of underlying morphology, the kinetic energy of the lava flow front at the axial summit region, and the slope angle of local topography. Our scenario for the formation of pillow lavas during a low to moderate effusion rate eruption at a fast spreading regime is described as follows: low to moderately extruding lava over a subhorizontal axial summit form slowly advancing pahoehoe flow lobes, which coalesce to form wider, inflating lobate sheets with hummocky topography. As the pahoehoe lobes, ahead of main lobate sheets, approach the steepening edge of the summit region, they turn into flat and elongate sheets downslope and then into elongate pillows on slopes. Rapid drainage of a mass of lava within lobate sheets is expected to occur when the front of coalesced lobate sheets approaches the edge of the rise summit. The outpouring the lava onto steepening slopes takes place. A part of the outpouring lava may travel even farther off axis regions via lava channels [Fornari, 1986; Soule et al., 2005; Escartín et al., 2007] (blue color streams in Figure 7) . [25] Further observations are needed to generalize the Shinkai 6500 observations. For example, recent observations on the EPR 9°25′N-9°58′N seafloor suggest that pillow mounds are common at the average distance of 2300 m from the ridge axis, the formation of which might be taken place at the ridge axis by low-effusion rate eruptions. This constructional volcanic mounds may be the origin of the thick pillow interval in Hole 1256D [e.g., Soule et al., 2009] . However, the vertical extent of these pillow mounds as well as the frequency of the low-effusion eruptions at the fast spreading EPR 9°N crust are not well described. Thus, we prefer to conclude that the observations at the EPR 14°S has a closer spreading condition to the crust of Hole 1256D, where the magma supply is sufficient to make frequent high-effusion eruptions and superfast spread seafloor with a narrow axial trough, and smooth axial summit topography without a caldera. Thus, if the aforementioned scenario is representative of the crust of Hole 1256D, the ∼100 m accumulation of pillows in Hole 1256D may be explained by the axial slope covered by pillow lavas as observed by Shinkai 6500 dives.
EPR Lava Deposition History in Hole 1256D
[26] The volcanostratigraphy model, from the base to the top of the extrusive section, allows to recon- struct the upper ocean crust constructional processes of the EPR, as represented by evolution of lava deposition from on-axis to off-axis environments. We use the observations from the EPR 14°S and EPR 9°N spreading centers [Escartín et al., 2007; Umino et al., 2008a Umino et al., , 2008b and the axial slope topography and Hole 1256D half spreading rate [Wilson et al., 2003 ] to build a time-distance reference frame. We assume the location of the axial slope and the base of the slope to be at ∼1000 to 2000 m and 2000-3000 m from the ridge axis, respectively. Based on our scenario from section 5.2, this time-distance reference frame places the 100 m pillow interval at the axial slope. This 100 m pillow-dominated interval subdivides the extrusive sequence into two parts: lavas below this interval that were deposited before the crust moved and reached the axial slope, and lavas above this interval were deposited after the crust passed and moved away from the axial slope.
[27] We propose five constructional stages (A-E). In stage A, the intrusive-extrusive boundary is marked by the lowermost fragmented flow at the ridge axis atop the sheeted dike complex (1064 mbsf, stage A in Figure 8 ). In stage B, thick layers of massive flows and breccias directly atop this boundary are attributed to the accumulation of high eruption rate flows and collapsed pits that may a result of drain back or drainage of lavas (stage B in Figure 8 ) [Gregg and Chadwick, 1996; Sims et al., 2003] . Isolated dike margins are observed as shallow as 825 mbsf within this interval, indicating that these dikes branched out from the melt lens following low-pressured pathways (fractures) associating with or without major dike intrusion events at the eruption center on the axis. Layers of fragmented flows, thinner flows, and breccias from 850 to 950 mbsf might have been tectonized by faulting and/or collapsed flow lobes around the axial summit (also see section 4.1 and Table 2 ). In stage C, when lateral translation of Hole 1256D by seafloor spreading had placed the hole at the axial slope, sheet flows as well as elongated pillows that dribbled down the slope accumulated. Localized pillows between 710-800 mbsf are formed at the axial slope (1000-2000 m from the ridge axis) (stage C in Figure 8 ). In stage D, the overlying extrusive rocks, predominantly a sequence of thick layers of massive flows, fragmented flows, and breccias (350-710 mbsf-C), presumably formed within 2000-3000 m from the ridge axis where long lava flows are terminated and ponded by inward facing faults [Escartín et al., 2007] (stage D in Figure 8 ). This location estimate is augmented by the presence of inflation cracks (subvertical veins filled by hyaloclastite; Core 1256D-21R-1, 85-140 cm at 397.6-398.2 mbsf-C) and seal zone (recrystallized fine-grained chilled margins of flow lobes; Core 1256D-37R-2, 12-15 cm at 501.7 mbsf-C) of coalesced flow lobes [Wilson et al., 2003 ] that characterize inflated lobate sheets. Stage E is the construction of off-axis ponded lava section (stage E in Figure 8 ).
[28] Our correlation suggests that the crust moved from the ridge axis to the bottom of the axial slope over a period of 10-20 kyr (∼2 km), during which time nearly 50% of the extrusive sequence in the hole is constructed (stage C in Figure 8 ) and nearly 100% of the layer 2A construction within ∼3000 m of the ridge axis, except for the contribution from late stage off-axis eruptions that formed the lava pond (stage E in Figure 8 ). This construction rate is similar to a widely accepted geophysical conceptual model [e.g., Hooft et al., 1996] and the observations from the more recent near bottom surveys around the EPR 9°N [Escartín et al., 2007] . Furthermore, the depth to the to of the gabbro section in Hole 1256D supports our construction rates in terms of the relationship between the thickness of layer 2A and the depth to the axial melt lens. A strong positive correlation is observed between the thickness of layer 2A and the depth to the magma lens [Blacic et al., 2004] , in which a layer 2A thickness (the weight of the overlying lavas on a ridge axis) and the depth to the axial magma chamber (magma lens pressure that is required to feed magma to the surface) have linear relationship [Buck et al., 1997; Blacic et al., 2004, Figure 11] . Using this observation, the depth to the drilled first gabbro layer, 1157 m subseafloor , yields approximately 200 ± 40 m for the thickness of on-axis layer 2A, variations of which depend on isostasy models. This layer 2A thickness is consistent with the thickness of on-axis extrusive lavas in Hole Figure 8 . Hole 1256D flow stratigraphy (stages A-E) and lava deposition history models. For the flow stratigraphy model, we used logging depth (mbsf-L). Distance and age scales for lava deposition history are located atop (horizontal axis) the stratigraphy. The construction rates are indicated as partially filled in circles located atop the stratigraphy. Typical axial morphology (in boxes) and proportion of how much of layer 2 was formed (circles) are also shown along the scales. Each of the stages shows approximate time and location for the formation of a portion of extrusive section in Hole 1256D. 1256D during lava deposition stages A and B, suggesting the predicted upper crust construction rate from this study is consistent to the deposition history of Hole 1256D.
6. Conclusions [29] We draw the following conclusions from this study.
[30] 1. The electrofacies analysis principally based on FMS images suggests that Hole 1256D crust (250-1425 mbsf) can be classified into ten electrofacies: massive flows, massive off-axis ponded lava, fractured massive flows, fragmented flows, sheet flows or thick pillows, pillows, breccias, isolated dikes, dikes in a sheeted dike complex, and gabbros. These 10 electrofacies can be clustered into 4 principal families of flow morphology. The resulting flow stratigraphy corresponds to lava flow morphology and deposition styles observed on the EPR: sheet flows, pillows, breccias, and dikes.
[31] 2. The observations from two Shinkai 6500 dives on the EPR 14°S show that the formation of pillow lavas is primarily controlled by changes in slope angles (gradient) of local topography. The correlation between lava flow types and slope angles indicates that a slope angle of 5°is the threshold, beyond which pillows are formed. If the lava distribution observed at the EPR 14°S is applicable to 1256D crust, the flow stratigraphy can be used to recreate the upper oceanic crust construction process. The spatial reference frame for modeling the lava deposition history in Hole 1256D is obtained from both EPR 14°S and 9°N axial morphology.
[32] 3. By integrating the flow stratigraphy in Hole 1256D with the EPR 14°S observations, we propose a scenario of Assuming paleospreading rate was constant with 50% of the extrusive rocks in Hole 1256D crust were formed within ∼2 km of the ridge axis while nearly all of the remaining extrusive section likely formed within ∼3 km of the ridge axis. This construction progress rate is consistent to a widely accepted conceptual model of Hooft et al. [1996] . Furthermore, the observed correlation between on-axis layer 2A thickness and the depth to the axial magma chamber also supports the idea that the depth to the drilled gabbro in Hole 1256D results in our prediction of upper crustal construction rates in Hole 1256D. Our lava deposition history model is the first to use drilled hole volcanic stratigraphy to interpret lava flow architecture and thereby reveal upper oceanic construction processes.
